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Here we demonstrate that pump-probe experiments can be carried out on microsecond to
millisecond timescales using an electrostatic ion storage ring. As a test case, we have chosen
protoporhyrin IX anions that have lifetimes with respect to dissociation after photoexcitation
on this time scale. Ions were photoexcited on one side of the ring with either 430- or 535-nm
light (pump) and then allowed to take a certain number of revolutions before they were
photoexcited by a second laser pulse (probe) with wavelengths between 650 and 950 nm. If
ions were first excited by the pump, an increased yield of neutral products caused by the
absorption of red light was measured in a microchannel plate detector located on the other side
of the ring. This implies that it is possible to pick out ions that were photoexcited by the pump
pulse and to spectroscopically characterize these ions. We report absorption spectra of 535 nm
photoexcited porphyrin anions, with time delays of 0.19 and 0.57 ms between the pump and
probe pulses, and find that absorption occurs over a broad region in the red. (J Am Soc Mass
Spectrom 2010, 21, 1884–1888) © 2010 Published by Elsevier Inc. on behalf of American Society
for Mass SpectrometryTime-resolved experiments on ions in vacuo havebeen carried out with great success on the fem-tosecond to picosecond timescales in recent years.
On this timescale, the ions only move slightly between
the laser pulses, and the experiment therefore relies on
a good overlap between the two laser beams for the
probe photons to interact with the same molecules that
were excited by the pump photons. These experiments
have provided important information on lifetimes of
electronically excited states and on de-excitation path-
ways back to the electronic ground state. Examples
include protonated aromatic amino acids, peptides,
flavin, DNA nucleobases, C60, and cluster anions [1–9].
To study longer timescale processes, larger time
delays between the pump and probe laser beams are
needed. Dunbar and coworkers [10–12] have investi-
gated the radiative cooling of ions in an ion cyclotron
resonance (ICR) ion trap using time delays between the
two laser pulses of 100 ms and up to seconds. On the
shorter timescale of microseconds to milliseconds, there
is very little work. Using UV light, Joly et al. [13]
recently photodetached an electron from a tryptophan-
based pentapeptide dianion stored in a quadrupole ion
trap. The radical monoanion was shown to be stable for
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experiments using a probe laser pulse (visible light)
delayed in time.
In the present work, our goal is to address long-lived
excited states. For example, photoexcitation of an even-
electron species to a singlet state is often followed by
intersystem crossing to a lower-lying triplet state. Such
a molecule is trapped in its triplet state for a long time
since the required spin-flip introduces a bottleneck for
returning to the electronic ground state. Porphyrins are
known to have high triplet-quantum yields and triplet-
state lifetimes of microseconds to milliseconds [14–18].
Hence they are well-suited as test cases for triplet-triplet
absorption spectroscopy. Gas-phase time-resolved ex-
periments at these long timescales are possible using
ion traps, e.g., quadrupolar and ICR ion traps. Here we
show, using protoporphyrin IX (pp) anions (Figure 1),
how the implementation of two pulsed lasers at an
electrostatic ion storage ring also allows for such exper-
iments. A benefit of the ring technique is that only ions
with the same mass-to-charge ratio are stored at any
time.
Experimental
Experiments were performed at the electrostatic ion
storage ring in Aarhus (ELISA) (see Figure 2) [19–21].
Electrospray ionization was used to produce ions,
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1885J Am Soc Mass Spectrom 2010, 21, 1884–1888 ABSORPTION BY PHOTOEXCITED PROTOPORPHYRIN IX ANIONSwhich were subsequently accumulated in a 22-pole ion
trap and thermally equilibrated by collisions with a
helium buffer gas therein (Figure 2). The ions were
accelerated as an ion bunch to kinetic energies of 22
keV, and a bending magnet was used to select the
appropriate ions. Following injection into the ring, the
ions were stored for about 35 ms to ensure the decay of
highly vibrationally excited ions before being irradiated
by a nanosecond light pulse from a tunable laser
(Spectra Physics). This is an Nd:YAG laser where the
third harmonic (355 nm) pumps an optical parametric
oscillator (OPO), which subsequently has a visible out-
put. The excitation wavelength for the experiment was
chosen to be either 430 or 535 nm. The photoexcited ions
were allowed to take a certain number of revolutions
before they were excited in the same region as before by
Figure 1. Structure of protoporphyrin IX (pp) anions.
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more details.a second laser pulse from a tunable laser (EKSPLA).
This is also an Nd:YAG laser in combination with an
OPO. The wavelength was scanned between 650 and
950 nm. Note that at 709 nm the beam-exit window of
the laser changes. For the 430-nm pump experiment, a
dichroic mirror that reflects blue light (pump) and
transmits red light (probe) was used to align the beams.
For the 535-nm pump experiment, the dichroic mirror
does not reflect. Instead, the mirror was removed and a
nearly parallel path was introduced for the probe beam
relative to the pump beam using two different mirrors.
The repetition rate of the experiment was 10 Hz. Life-
times with respect to dissociation were obtained from
measurements of the yield of neutrals at each cycle
hitting the microchannel plate (MCP) detector located
at the end of the straight section opposite the straight
side where photoexcitation was performed (i.e., de-
layed dissociation).
The pressure in the ring was of the order of 1010
mbar, which set an upper limit of 1–2 s on the storage
time. The protoporhyrin IX compound was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and dis-
solved in methanol.
Results and Discussion
A time spectrum of pp anions is shown in Figure 3. The
high count rate after injection is due to the decay of
vibrationally excited ions that were formed during the
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1886 STØCHKEL ET AL. J Am Soc Mass Spectrom 2010, 21, 1884–1888about 5 ms, the decay rate is nearly constant and is
ascribed to collisions with residual gas in the ring. The
time constant for storage of the ions in the ring is 200 ms
according to a long time measurement (Figure S1,
which can be found in the electronic version of this
article).
After about 35 ms, the ions were irradiated by light
(430 nm) that lies within the Soret absorption band
region (S0 ¡ S2 transition). This gave rise to an in-
creased yield of neutrals as can be seen in the delayed
dissociation measurement (see Figure 4a). Hence, the
ions absorb light at this wavelength. There is a fast
decay process with a time constant of 67  30 s,
assigned to statistical dissociation after internal conver-
sion to the electronic ground state, and a slower decay
process with a time constant of 0.87  0.30 ms (Figure
4a). The slow one is likely due to the trapping of ions in
an excited-triplet state that acts as a bottleneck for
dissociation as has been discussed in detail earlier [22,
23]. Briefly, intersystem crossing back to the electronic
ground state is slow and occurs approximately with the
time constant of 0.87 ms. A power-dependence mea-
surement reveals that the long-lifetime component is
due to one-photon absorption. The short-lifetime com-
ponent is dominated by one-photon absorption, with
the contribution from two-photon absorption estimated
to be less than 10%. Finally, we note that the dominant
dissociation channel is loss of CO2 as was earlier
reported [22], and that the photon energy is not high
enough for photodetachment to occur since the electron
binding energy of the anion is at least 3.4 eV (electron
binding energy of CH3CH2COO
).
To spectroscopically characterize the slowly decay-
ing photoexited ions, we fired a second laser pulse after
the ions had taken seven cycles in the ring (revolution
time is 95.2 s). At this time most of the vibrationally
excited ions had decayed (cf., fast decay process).
Triplet-state excited protoporphyrins in solution have
been reported to absorb above 550 nm [15, 18]. We
Figure 3. Time spectrum of pp anions.therefore chose a probe wavelength of 684 nm to be faraway from the strong absorption of the ground-state
ions themselves. An increased count rate due to absorp-
tion of the probe laser light is clearly visible (Figure 4b).
While when the experiment was repeated with the
pump laser switched off, no increase in the yield of
neutrals was observed (Figure 4c). Possibly, the ions
absorb at this wavelength but the photon flux was too
low for two-photon absorption to occur (about 1.5 mJ
per pulse, laser beam size diameter of about 2 mm).
Hence, absorption of 684-nm light is only sufficient to
cause dissociation from already photoexcited ions. A
similar finding was obtained by pumping with 535-nm
light in the Q-band absorption region (S0¡ S1 transition).
The results from pump-probe experiments taken
with different time delays are shown in Figure 5. There
it can be seen that the laser-induced probe signal shifts
in time in accordance with the pump-probe delay. Not
surprisingly, it is evident that the absorption of the
probe light decreased as the time delay increased due to
fewer and fewer photoexcited ions.
Next we decided to measure the action spectrum of
the 535-nm photoexcited ions. This experiment is com-
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Figure 4. (a) Time spectrum of pp anions that were photoexcited
after 35.19 ms by 430-nm light (pump). (b) Same as (a) but a probe
laser pulse (684 nm) was fired 0.67 ms after the pump laser pulse.
A simplified Jablonski diagram is shown to illustrate the photo-
physical processes: after excitation to the S2 state, internal conver-
sion occurs to S1 followed by intersystem crossing to the T1 triplet
state. Ions in this state absorb red light. (c) Time spectrum of pp
anions that were photoexcited by the probe laser (684 nm) at 35.86
ms. No prior pump pulse was used and, consequently, no absorp-
tion was seen after firing the probe laser.
1887J Am Soc Mass Spectrom 2010, 21, 1884–1888 ABSORPTION BY PHOTOEXCITED PROTOPORPHYRIN IX ANIONSplicated by the fact that fluctuations in the two laser
beam intensities need to be corrected. However, this is
simplified as variations in the pump laser power were
less than 5%. Therefore, in the analysis the power of the
pump laser was taken to be constant for all measure-
ments. A correction for variations in ion beam intensity
is also needed and was done based on the yield of
neutrals before photoexcitation. This yield is the result
of collisions between ions and residual gas and is
therefore directly proportional to the number of ions in
the ring. The increased yield of neutrals due to the
probe laser represents the absorption by the photoex-
cited ions (i.e., action spectroscopy). After correcting for
ion beam fluctuations, the yield at each wavelength was
subsequently divided by the number of photons in the
probe laser beam. The number of photons in the probe
laser beam was obtained from an established correla-
tion between wavelength and laser output power and is
estimated to be associated with an uncertainty of 10%.
We estimate that the overall uncertainty in the yield of
photoneutrals is about 20%. This high uncertainty
makes it difficult to find the actual positions of band
maxima. Nevertheless, action spectra were acquired for
the case where the time delay between the pump and
probe laser beams was 0.19 ms and that where it was
0.57 ms (Figure 6). In both spectra, it can be seen that
absorption is strong at 650 nm and that it decreases as
the wavelength increases, with little or no absorption
seen above 800 nm. Furthermore, the band appears
sharper after the longer delay time (0.57 ms) than after
the shorter one (0.19 ms), which may be due to a colder
population at longer delay times. It would have been
useful to go to lower probe wavelengths but this is
complicated due to absorption by these anions in their
ground state.
The absorption observed here is within the expected
absorption region for porphyrins excited to triplet sta-
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Figure 5. Time spectra of pp anions that were photoexcited after
35.19 ms by 535-nm light. In each spectrum the probe laser pulse
(660 nm) was fired after different delay times. The laser-induced
probe signal shifts in accordance with the pump-probe delay.tes [15, 18]. In benzene solution, Chantrell et al. [18]found a very small band centered around 700 nm for
protoporhyrin-IX dimethyl ester. A redshift from gas
phase to solution phase is commonly seen for *
transitions since the polarizability of a molecule in-
creases with its level of excitation, which favors solute-
solvent interactions. It should be stressed that absorp-
tion by vibrationally hot pp anions may also contribute
to some of the absorption seen in this region. However,
no increase in the yield of neutrals was observed in a
separate experiment where irradiation by 685-nm light
was carried out right after the injection of ions into the
ring (data not shown). Here, the count rate of neutrals is
already particularly high (first 5 ms, see Figure 3) due to
the decay of vibrationally excited ions. These ions are
present in the bunch since some collisions with residual
gas occur during transfer from the 22-pole ion trap to
the ring. From the absence of an increase in neutrals
after light irradiation, we conclude that “hot” band
absorption is not significant and, therefore, the photo-
excited signal due to the probe laser pulse in the
pump-probe experiment arises from absorption by
triplet-state ions.
In conclusion, we have demonstrated that pump-
probe experiments on the microsecond to millisecond
timescale are indeed possible using an electrostatic ion
Figure 6. Action spectra obtained as the yield of photoneutrals
due to the probe laser pulse as a function of probe wavelength.
The pump laser was set to produce light at 535 nm. Time delays
between the pump and probe were 0.57 ms (a) and 0.19 ms (b).
1888 STØCHKEL ET AL. J Am Soc Mass Spectrom 2010, 21, 1884–1888storage ring in combination with two lasers. The time
resolution of the experiment is the ion revolution time.
Finally, we note that ion trap experiments have an
advantage over the current setup due to better overlap
between the two laser beams and the ion cloud.
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